Summary 6-Pyruvoyl tetrahydropterin synthase is involved in the synthesis of pteridine eye pigments in Drosophila. The purple gene which was known to be one of the target loci of the suppressor mutation su(sj2 has been identified to encode the enzyme, and its cDNA has been cloned recently. The cDNA encoding the 19.3 kDa subunit of the 6-pyruvoyl tetrahydropterin synthase was expressed as fusion proteins in E. coli. The recombinant protein was shown to be active and purified from the E. coli crude extract by metal-chelation chromatography. The fused metal-chelating oilgopeptide was removed by thrombin for further characterization. Apparent Km for the substrate dihydroneopterin triphosphate was determined to be 590 IlM, which was slightly higher than the value of the native enzyme. The isoelectric point of 6.4 was also different from the known value of 4.3 determined by the native enzyme. Heat stability and the stimulatory effect of reducing agents were similar to the native enzyme. The modification of cysteine residues in the recombinant enzyme, one of which is known to be conserved in human and rat enzymes, by iodoacetamide inhibited its activity by up to 80%.
Introduction
The enzyme 6-pyruvoyl tetrahydropterin synthase(PTPS) catalyzes the conversion of dihydroneopterin triphosphate(H2-NTP) to 6-pyruvoyl tetrahydropterin, which is a common precursor for all of the pterins found in Drosophila (1 , 2) . In addition to its role in pteridine biosynthesis, much attention has been given to the enzyme because its structural locus, the purple gene, was known to be involved in the su(sj2 genetic suppression in Drosophila (3, 4, 5) . In this suppression, the activity of PTPS in the purple mutant is . reduced to 20% of the wild type, whereas in the suppressed purple double mutant PTPS activity is restored to nearly wild type levels. The suppression was explained by quantitative or §Author to whom correspondence should be addressed.
Pteridines / Vol. 6 / No.2 qualitative variations in the enzyme levels caused by posttranslational modifications or a transposable element insertion, respectively (6, 7) . To investigate the suppression mechanism, PTPS was purified from Drosophila, and polyclonal antibodies were raised against the purified enzyme(8). However, the antibodies failed to screen the Drosophila cDNA library. Recently we succeeded in cloning the sequences of PTPS cDNA by using a PCR-amplified probe from a genomic clone obtained by chromosomal walking (9) .
In order to assess the authenticity of the cDNA clone, we report here the over-expression of Drosophila recombinant PTPS in E. coli, including some biochemical characterizations.
Materials and Methods

Materials
Trizma base. EDT-\" dithiothreitol, isopropylthio-rJ-D-galactop:T a :1 (i~lJ;:. :-'; .-\DPH, Pipes, pterin, thrombin, iminodiacetic a.:id-Sephadex, anti-mouse IgG alkaline ph o srh 3tase conjugate and marker proteins were purc hased from Sigma Chemical Co. Ultrogel AcA ~ wa5 purchased from LKB. Protein fusion and expression systems were obtained from Invitrogen and restriction endonucleases, T4 DNA ligase, and klenow polymerase were from New England Biolabs.
Construction of the expression vector
To obtain the recombinant polypeptides of Drosophila PTPS from the eDNA clone, DNA insert was prepared from a fragment of the cDNA clone and a PCR product and cloned into the XhoV Bamill-digested expression vector pET-15b downstream from the metal-binding oligopeptides. Double digestion of the eDNA clone with Nrul/HindIII produced a DNA, fragment deficient in a few nucleotides in the 5' coding region, and it was supplemented by a EcoRVNruI-digested PCR product generated by two primers of GCGAATTCATGT-CGCAGCAACCTGT and GTGGATCCACGGA-CGGTTATCTC. They were inserted into the EcoRI .'HindIII-digested pGEM7zf( +) vector to generate restriction sites for the final cloning into the XhoV Bamill -digested pET -I5b vector. The expression vector, pETO.8XB, harboring full encoding sequences of Drosophila PTPS with additional sequences originating from linker sites is shown in Fig. 1 .
Colonies of transformed E. coli BL21(DE3)pLysS strains expressing PTPS activity were analyzed for their correct DNA sequence inserted into the expression vector by the dideoxy nucleotide chain termination method. Polymerase chain reactions and DNA manipulations were performed according to standard protocols.
Purification of recombinant Drosophila PTPS
2 ml Luria-Bertani medium with ampicillin was inoculated with a single colony of E. coli BL21 clone expressing the recombinant PTPS fusion protein and cultured until i\ro, was 1.0. The inoculum was cultured again in 50 ml LB medium and 0.4 mM of IPTG was added at an A.oo of 1.0. After further incubation for 3 h, cells were harvested by centrifugation at 6000 g for 10 min, washed in 50 mM Tris-HCI(pH 7.5) and resuspended in 4 volumes (w/v) of 20 mM Pipes(pH 7.6), 500 mM NaCI, and 2 mM PMSF. Cell lysis was performed by adding 0.1 mg/ml of lysozyme, 0.1% Triton X-lOO, 10 mM MgCI2 and 20 mM DN -ase and continued for 30 min at 30°C. The lysed suspension was centrifuged at 30,000 g for 20 min and cone. imidazole solution was added to the supernatant at a final concentration of 5 mM. The supernatant was applied on a column(1.8 X 6 cm) of imidodiacetic acid agarose at a flow rate of 20 ml/h, which was preequilibrated with standard buffer(20 mM Pipes(pH 8.0), 500 mM NaCI) containing 5 mM imidazole. The column was washed with the equilibration buffer and again with standard buffer containing 100 mM imidazole until A2so was zero. Proteins were eluted with standard buffer containing 100 mM EDTA. Active fractions were collected and ammonium sulfate was added to 70% saturation to precipitate whole proteins. Protein precipitates after centrifugation were dissolved in 20 mM Pipes(pH 7.0), 200 mM NaC1 and dialyzed against the same buffer. A dialyzed protein solution was applied to a column(1.5 X 70 cm) of Ultrogel AcA 44, which was preequilibrated with the same buffer for dialysis. Chromatography was run at a flow rate of 10 ml/h and active fractions were collected and concentrated by ultrafiltration. All the procedures for cell harvest and purification were carried out at 4°C. To remove metal chelating oligopeptide from the PTPS fusion protein thrombin was added to the concentrated solution in the amount of 2 NIH units per mg of PTPS protein and incubated at 30°C for 2 h.
Assay for PTPS activity and kinetic analysis
PTPS was assayed by quantitation of pteriri compound which was removed by acid treatment of 6-pyruvoyl tetrahydropterin. The standard reaction mixture contained 50 mM Pipes (pH; 7.5), 10 mM MgC12, 0.33 mM dihydroneopterin triphosphate in a reaction volume of 50 III and incubated at 37°C for 60 min in darkness. Dihydroneopterin triphosphate was prepared from GTP using the purified E. coli GTP cyclohydrolase 1(10). The reaction was stopped by adding conc. TCA solution was added to a final concentration of 6% and oxidized by adding 12 III of UKI(l %:2%) solution. HPLC was performed on a C 8 RP column and the rroduct was quantitated by fluorescence(ex. 350 nm, em 450 nm). 1 unit of PTPS activity was determined by the amount of 1 nmole pterin produced for I min at a standard reaction condition. Kinetic analysis was performed under the same assay conditions. 1 U enzyme activity catalyzes the production of umole pterin/ min. at 37't of Laemmli(ll). Non-denaturing analytical isoelectric focusing was performed according to the procedure of Awdeh(l2) on a slab gel of 5% acrylamide. Protein was estimated by the method of Bradford (13) .
Miscellaneous Methods
SDS-PAGE
Results and Discussion
Expression and purification of recombinant Drosophila PTPS
The Drosophila PTPS cDNA was introduced into the prokaryotic expression vector pET-15b (Fig 1) to express and isolate recombinant protein in large amounts. The cDNA was inserted in-frame with a Pteridines I Vol. 6 / No.2 Table I presents a purification scheme starting from a 2-liter culture of E. coli cells. Following lysis by lysozyme, the majority of the enzyme remained within soluble fractions and was readily detected by SDS-PAGE. Purification of the enzyme by metalchelating chromatography was the most powerful, and nearly all contaminating proteins were eliminated. We used 100 mM EDTA to elute the fusion protein instead of 100 mM imidazole because of immediate protein aggregates in the eluate. At this stage the fusion protein was not accessible to the protease thrombin because of protein precipitation during incubation. Even after extensive dialysis of the eluate, the problem of precipitation was not solved. Thus we introduced gel permeation chromatography to remove residual zinc ions and EDTA, and to further purify the fusion protein from still contaminating proteins. The 22 kDa fusion protein after Ultrogel AcA 44 chromatography was SUbjected to thrombin digestion to yield two protein bands of a molecular mass of 20.2 kDa and 17.5 kDa, respectively (Fig. 2) . Thrombin digestion removed 17 amino acid residues from the fusion protein and 8 additional amino acid residues were still attached at the N-terminal end producing 20.2 kDa protein. Both types of recombinant proteins were shown to be active. The 17.5 kDa protein might be produced for the presence of an alternate recognition site. We observed even more protein bands after using excess amounts of thrombin or prolonged incubation with the protease. The two protein products were not further separated and were used directly for the biochemical characterization.
Biochemical properties of recombinant Drosophila
PTPS
We obtained a Km value of 590 11M for the substrate dihydroneopterin triphosphate and a turnover number of 16.9 U / mg protein. The Km value was higher than the 100 11M in the native enzyme and the specific activity is even more higher than the corresponding values of the native and recombinant PTPSs from other sources as shown in Table 2 . As the assay conditions were not uniform, further study is expected for proper evaluation of this high specific activity. We determined the isoelectric point of recombinant PTPS by native isoelectric focusing in a 5% acrylamide gel. The value was 6.4 in agreement with the calculated value of 6.81, but not with the value of 4.6 in the native enzyme by Park (8) . Except salmon liver PTPS, the pI values of other PTPS enzymes were determined to be around 4.6 as shown in Table 2 (14, 15, 16, 17) . Human recombinant PTPS and native enzyme were shown to have the same pI value of 4.8. However, there might be a possibility of phosphorylation in native Drosophila PTPS that lowers its pI, as suggested in the case of SPR, DHPR, and DHFR(l8). It was reported earlier (8, 16, 17) that reducing agents added to the enzyme reaction mixture increase the enzyme activity of PTPS up to fourfold. A possible role of the cy- steine residues, which are known to be conserved in rat enzyme at position 42 and human enzyme at position 43, was suggested to be essential in enzyme reaction(l9). Among three cysteine residues in Drosophila enzyme one at position 38 is shown to be conserved. We used iodoacetamide to modify the cysteine residues in Drosophila recombinant PTPS. Fig. 3 shows the losspf enzyme activity using increasing concentrations of iodoacetamide under non-reducing conditions. The activity was reduced up to 80% at 100 mM concentration.
Although some discrepancies have been found in biochemical characteristics between the recombinant Drosophila PTPS and native enzyme, our results support the fact that the recombinant enzyme has authentic PTPS activity.
